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Abstract: 
A new single-carrier sensor-less pulsewidth modulation (PWM) method using suggested pseudo 
reference functions is proposed for packed U-cell (PUC) converter to improve performance and 
reliability of the PUC converter. It is composed of one PWM carrier signal and two suggested pseudo 
reference functions. By employing the proposed modulation method, the PUC dc capacitor voltage 
ripple is substantially decreased, and faster sensor-less capacitor voltage balancing is obtained. 
Moreover, the power losses are evenly distributed among all power switches. Consequently, notable 
reduction of the PUC dc capacitor voltage ripple and even distribution of the power loss among 
switches enhance the PUC converter's reliability and lifetime. In addition, odd multiples of the 
switching harmonic clusters are eliminated from the output voltage; thus, the values of output passive 
filter components are halved. Hence, applying the proposed single-carrier sensor-less PWM method 
remarkably improves the performance, power density, reliability, and lifetime of the PUC converter 
and notably simplifies implementation of the switching pattern. Provided experimental results and 
comparisons as well as reliability analysis verify the viability and effectiveness of the proposed PWM 
method. 
SECTION I. Introduction 
Multilevel converters (MLCs) are commonly utilized in various industrial applications as a promising 
solution to improve output voltage quality and performance of power electronic converters [1]–[2][3]. 
Among different MLCs, the packed U-cell (PUC) converter has been introduced to provide seven- or 
five-level output voltage with less number of components. As shown in Fig. 1, it is formed by only two 
low-frequency (LF) power switches, four high-frequency (HF) power switches, one dc capacitor, and 
one dc power supply [4], [5]. Hence, among other suggested MLCs, the PUC converter is more 
competitive, especially for single-phase applications. Various modulation and control methods have 
been presented for the PUC converter to provide suitable output voltage and regulate the dc capacitor 
voltage to a desired value [6]–[7][8][9][10][11][12][13].  
 
Fig. 1. Topology of the PUC converter. 
 
The suggested modulation and control techniques for the PUC converter can be classified into closed-
loop and sensor-less pulsewidth modulation (PWM) methods. A six-band hysteresis control method [6] 
and finite control set model predictive controllers [7], [8] have been proposed for the PUC converter. 
However, all these methods require a voltage sensor and closed-loop control to balance the dc 
capacitor voltage. Moreover, they suffer from variable switching frequency and sporadic output 
voltage harmonic spectrum, which cause major issues in design of the output passive filter. 
In [9]–[10][11][12][13], the sensor-less carrier-based PWM switching methods has been presented for 
the PUC converter. In [9], a phase disposition PWM method with sensor-less control of the dc capacitor 
voltage has been introduced for the PUC converter. It comprises four level-shifted PWM carrier signals, 
a switching states table, and five logic gates. In [10] and [11], the space vector PWM and the phase-
shifted PWM (PSPWM) methods have been presented as sensor-less control of the PUC converter, 
respectively. The introduced PSPWM method in [11] consists of four PSPWM carrier signals and 12 
If−Else loops. Thus, to implement the presented methods in [9] and [11], four level/PSPWM timers are 
required. Moreover, the presented method in [9] needs a switching states table, six If−Else loops, as 
well as five logic gates, and the suggested method in [11] requires 12 If−Else loops. Furthermore, in 
suggested methods in [9]–[10][11], charging/discharging of the dc capacitor is balanced in each 
fundamental period of the output voltage [12], [13]. Therefore, by applying the presented methods in 
[9]–[10][11] to the PUC converter, the size and voltage ripple of the dc capacitor depend on the output 
voltage fundamental frequency and the load current. Consequently, a large dc capacitor is required to 
form a suitable output voltage waveform. Sensor-less modulation methods using two level-shifted 
PWM carriers and logic gates have been presented in [12] and [13]. In the presented methods in [12] 
and [13], not only the number of required PWM carrier signals is halved but also the size of the dc 
capacitor is reduced by balancing charging/discharging of the dc capacitor in each PWM period. 
However, they require two level-shifted PWM carrier signals, five comparators, and six logic gates. The 
relation between the size of the dc capacitor, the dc capacitor voltage ripple, and load current has 
been described in [13] in detail. Moreover, comparison between various PWM methods for the PUC 
converter from aspects of the size of dc capacitor, the dc capacitor voltage ripple, and the value of the 
output passive filter components has been presented in [13]. Moreover, not only do the above-
mentioned aspects have crucial impact on the converter performance, but also the converter reliability 
as its long-term viability is of paramount importance. 
The converter lifetime and reliability, especially the components’ wear-out, can be affected by the 
device hardware, and converter control and switching algorithms [14]. The impact of hardware can be 
incorporated by the appropriate lifetime model. In addition, the control impact depends on different 
dynamics with wide time scales from switching frequency to slow dynamics such as power 
management dynamics. This is due to the fact that the aging of a device material depends on the heat 
dissipation and hot-spot temperature. Meanwhile, the temperature in power converters is a 
consequence of switching frequency, switching algorithm, loading of the converter, ambient 
temperature, and thermal couplings among different components inside the converter enclosure [14]. 
The loading of a converter can be determined by its application and mission profile. Hence, the 
converter reliability remarkably depends on the mission profile (including loading, ambient 
temperature, vibration, etc.) and its control algorithms [14]–[15][16][17][18][19][20][21][22]. Notably, 
in the aforementioned techniques for the PUC converter control, the converter reliability has not been 
taken into consideration. 
In this article, a novel single-carrier sensor-less PWM method using two pseudo reference functions is 
proposed for the PUC converter to overcome the above-mentioned drawbacks and to improve the 
performance and reliability of the PUC converter. The major advantages of the proposed single-carrier 
sensor-less PWM method are summarized as follows:  
1. easy to implement and lower computational burden by utilizing only one PWM carrier signal, 
two comparators, and two suggested pseudo reference functions; 
2. notable reduction of the value and voltage ripple of the dc capacitor; 
3. faster self-balancing of dc capacitor voltage at start-up; 
4. amended output voltage waveform by eliminating the odd multiples of switching harmonic 
clusters from the output voltage spectrum; 
5. halving the required output passive filter components values; 
6. equal distribution of the conduction and switching power losses between HF power devices; 
7. higher reliability and longer lifetime for various applications. 
 
To further evaluate and verify the impact of the proposed modulation method on the PUC converter 
performance, lifetime, and reliability, a comparative study between the proposed and traditional PWM 
methods for the PUC converter is performed. Moreover, the PUC converter reliability is predicted for 
different applications, and its performance under the traditional and proposed switching algorithms 
are compared from components’ wear-out point of view. 
In the following, the proposed single-carrier sensor-less decomposed modulation method and its 
theoretical and mathematical analyses are described in Section II. The applied reliability prediction 
methodology is presented in Section III. Section IV performs the numerical analyses of the PUC 
converter reliability for various applications. The experimental results and comparisons from various 
aspects are presented in Section V. Finally, Section VI provides the conclusion. 
SECTION II. Proposed Single-Carrier Sensor-Less PWM Method for the PUC 
Converter 
In this section, theoretical and mathematical analyses of the proposed switching algorithm as well as 
its performance are presented in detail. 
A. Switching Pattern of the Proposed Single-Carrier Sensor-Less PWM Method 
Table I presents all the possible switching states, the output voltage levels, and the dc capacitor 
charging/discharging modes in the PUC converter. In Table I, the switch SX is on and off when it is 1 
and 0, respectively.  
TABLE I Switching States of the PUC Converter 
Switching State S1 S2 S3 Vout Capacitor Charge/Discharge 
V1  0 0 -E No effect 
V2  0  -E/2 Charge 
V3 1 1 0 -E/2 Discharge 
V4    0 No effect 
V5 0 0 0 0 No effect 
V6 0 0  +E/2 Discharge 
V7 0  0 +E/2 Charge 
V8 0   +E No effect 
 
Fig. 2 presents the proposed single-carrier sensor-less PWM method. As shown in Fig. 2, the suggested 
pseudo reference functions are defined to provide the reference signals for different parts of the PUC 
converter, which results in using only one PWM carrier signal, reduced dc capacitor voltage ripple, 
sensor-less voltage balancing of the dc capacitor, equal power losses distribution between switches, 
and improved output voltage spectrum.  
 
Fig. 2. Proposed single-carrier sensor-less PWM method using pseudo reference functions. 
 
Two suggested pseudo reference functions used in the proposed switching scheme shown in Fig. 2 are 
expressed as  
𝑓𝑓Pseudo−ref−1 = �
𝑉𝑉ref, 𝑉𝑉ref ≥ 0
1 + 𝑉𝑉ref, 𝑉𝑉ref < 0
𝑓𝑓Pseudo−ref−2 = �
1 − 𝑉𝑉ref, 𝑉𝑉ref ≥ 0
−𝑉𝑉ref, 𝑉𝑉ref < 0
 
(1)(2) 
where 𝑉𝑉ref is the input reference signal. 𝑓𝑓Pseudo−ref−1 and 𝑓𝑓Pseudo−ref−2 provide the modified reference 
signals for (𝑆𝑆3,𝑆𝑆6) and (𝑆𝑆2,𝑆𝑆5), respectively. The outputs of 𝑓𝑓Pseudo−ref−1 and 𝑓𝑓Pseudo−ref−2 are 
intersected with one triangular carrier signal to generate switching signals for (𝑆𝑆3, 𝑆𝑆6) and (𝑆𝑆2,𝑆𝑆5) 
switches. 
In addition, a zero-crossing detector is defined to generate switching signals for (𝑆𝑆1,𝑆𝑆4) switches. 
Hence, (𝑆𝑆1,𝑆𝑆4) commutate at the fundamental frequency. The zero-crossing detector is defined as  
𝑍𝑍𝐶𝐶 = �
1, 𝑉𝑉ref ≥ 0
0, 𝑉𝑉ref < 0
𝑆𝑆1 = 𝑆𝑆4 = 𝑍𝑍𝐶𝐶 .
 
(3)(4) 
As shown in Figs. 1 and 2, 𝑍𝑍𝐶𝐶 , 𝑓𝑓Pseudo−ref−2, and 𝑓𝑓Pseudo−ref−1 are used to generate (𝑆𝑆1,𝑆𝑆4), (𝑆𝑆2,𝑆𝑆5), 
and (𝑆𝑆3,𝑆𝑆6), respectively. The switching pattern of the proposed modulation method, the defined 
pseudo functions outputs, and the output voltage waveforms are shown in Fig. 3.  
 
Fig. 3. Switching pattern of the proposed modulation method, the defined 𝑓𝑓Pseudo−ref−1 and 𝑓𝑓Pseudo−ref−2 
pseudo functions outputs, and the PUC output voltage. 
 
The theoretical and mathematical analyses of the above-mentioned advantages of the proposed 
modulation method in comparison to the traditional switching method are presented in the following 
parts. 
B. Sensor-Less Voltage Balancing of PUC Converter Capacitor 
As illustrated in Table I, the PUC capacitor is charged and discharged based on (𝑆𝑆2,𝑆𝑆5) and (𝑆𝑆3,𝑆𝑆6) 
redundant switching states at the output voltage levels of ±𝐸𝐸/2. In the capacitor, the relation among 
load current (𝑖𝑖𝑙𝑙), the quantity of charge (𝑄𝑄charge) and quantity of discharge (𝑄𝑄discharge), and the PWM 














where 𝑑𝑑on−𝑆𝑆2 and 𝑑𝑑on−𝑆𝑆3 are 𝑆𝑆2 and 𝑆𝑆3 turn-on times, respectively. Hence, the capacitor is 
automatically regulated to its desired value when 𝑆𝑆2 and 𝑆𝑆3 turn-on times are equal. Accordingly, as 
presented in Fig. 4, the intersection of the triangular PWM carrier signal 𝐶𝐶𝐶𝐶𝐶𝐶 and two suggested 
decomposed 𝑓𝑓Pseudo−ref−1 and 𝑓𝑓Pseudo−ref−2 pseudo reference functions outputs provides equal turn-
on times for 𝑆𝑆3 and 𝑆𝑆2. Therefore, the capacitor charge and discharge quantities (𝑄𝑄charge and 
𝑄𝑄discharge) are balanced in each PWM period and sensor-less voltage balancing of the capacitor is 
obtained.  
 
Fig. 4. Balancing process of the 𝑄𝑄charge and 𝑄𝑄discharge of the PUC converter capacitor in each PWM period by 
applying the proposed single-carrier PWM method with defined pseudo functions. 
 
Moreover, in order for frequency domain analysis of capacitor sensor-less voltage balancing process in 
the PUC converter, a decoupled mathematical model of the PUC converter is defined by exploiting the 
equivalent two-port switching circuit theory presented in [24] and [25]. Hence, the proposed single-
carrier sensor-less switching pattern of the PUC converter can be decoupled into the total switching 
function (𝑠𝑠𝑡𝑡) and the difference switching function (𝑠𝑠𝑑𝑑) as presented in Fig. 5.  
 
Fig. 5. Equivalent decoupled circuit of the PUC converter by using d and t parameters. 
 
In Fig. 5, 𝑣𝑣𝑑𝑑 is the voltage difference between the desired and actual values of the capacitor voltage 
and is determined by (8). Then, the corresponding difference switching function (𝑠𝑠𝑑𝑑) to 𝑣𝑣𝑑𝑑 is defined by 





















for𝑖𝑖 = 2,3 
(11) 
As presented in Fig. 5, the proposed switching pattern of the PUC converter is decoupled to 𝑠𝑠𝑡𝑡 and 𝑠𝑠𝑑𝑑 
two-port switching circuits. Based on the two-port switching circuit theory, the relation between input 
and output of the presented two-port switching circuits 𝑆𝑆𝑡𝑡 and 𝑆𝑆𝑑𝑑 are expressed as  
�
𝑉𝑉𝑝𝑝1(𝜔𝜔) = 𝑆𝑆𝑡𝑡(𝜔𝜔) ∗ 𝐸𝐸(𝜔𝜔)
𝐼𝐼𝑠𝑠(𝜔𝜔) = 𝑆𝑆𝑡𝑡(𝜔𝜔) ∗ 𝐼𝐼𝑝𝑝1(𝜔𝜔)
�
𝑉𝑉𝑝𝑝2(𝜔𝜔) = 𝑆𝑆𝑑𝑑(𝜔𝜔) ∗ 𝑉𝑉𝑑𝑑(𝜔𝜔)
𝐼𝐼𝐶𝐶(𝜔𝜔) = 𝑆𝑆𝑑𝑑(𝜔𝜔) ∗ 𝐼𝐼𝑝𝑝2(𝜔𝜔)
 
(12)(13) 
where ∗ is the convolution operator in the frequency domain. With regard to the fact that 𝐸𝐸(𝜔𝜔) and 
𝑉𝑉𝑑𝑑(𝜔𝜔) are dc values in the steady-state condition, they can be considered as constant values in (12) 
and (13). Hence, as presented in Fig. 5, the load current and the capacitor current in the frequency 







𝐼𝐼𝐶𝐶(𝜔𝜔) = −𝐼𝐼𝐿𝐿(𝜔𝜔) ∗ 𝑆𝑆𝑑𝑑(𝜔𝜔)
= −�





Hence, (15) is solved for the steady-state condition in which 𝜔𝜔 = 0. In order to prove the self-balancing 
of the capacitor voltage to its desired value, the capacitor current in steady-state condition should be 
















Equation (16) presents the capacitor voltage unbalance of the PUC converter controlled by the 
proposed single-carrier sensor-less modulation method. In order to minimize the capacitor voltage 
unbalance, (16) should be minimized. Hence, the numerator of (16) should be zero to guarantee the 
self-balancing of the capacitor voltage. The numerator of (16) will be zero if  
|𝑆𝑆𝑡𝑡(𝜔𝜔)||𝑆𝑆𝑑𝑑(𝜔𝜔)| ≈ 0. 
(17) 
Equation (17) is satisfied if the switching frequency is high enough in comparison to the fundamental 
frequency. Accordingly, with regard to (7), (16), and (17), the PUC converter capacitor voltage self-
balancing is proved and obtained in steady-state condition by employing the proposed single-carrier 
sensor-less modulation method with defined pseudo functions. 
Thus, by employing the proposed single-carrier sensor-less modulation method, the dc capacitor 






where 𝐶𝐶 is the dc capacitor value, 𝑓𝑓SW, 𝐼𝐼peak, and 𝑉𝑉ripple are switching frequency, load current peak 
value, and maximum voltage ripple of the dc capacitor, respectively. Considering (18), the dc capacitor 
voltage ripple is decreased by a factor of 𝑓𝑓SW/𝑓𝑓0 is the fundamental frequency) in comparison to values 
reported in the literature [9]–[10][11]. Hence, the dc capacitor voltage ripple is significantly decreased 
by applying the proposed single-carrier switching method. 
C. Output Voltage Harmonic Spectrum Analysis and the Output LC Filter Components 
Values Calculation 
As presented in Fig. 1, the two new defined pseudo functions are used to generate corresponding 
switching signals of (𝑆𝑆2,𝑆𝑆5) and (𝑆𝑆3,𝑆𝑆6) power switches. Therefore, as discussed in [26], Fourier series 





𝐴𝐴00 + �{𝐴𝐴0𝑛𝑛 cos(𝑛𝑛𝜔𝜔𝑟𝑟𝑑𝑑) + 𝐵𝐵0𝑛𝑛 sin(𝑛𝑛𝜔𝜔𝑟𝑟𝑑𝑑)}
∞
𝑛𝑛=1
























𝐴𝐴00 + �{𝐴𝐴0𝑛𝑛 cos(𝑛𝑛𝜔𝜔𝑟𝑟𝑑𝑑) + 𝐵𝐵0𝑛𝑛 sin(𝑛𝑛𝜔𝜔𝑟𝑟𝑑𝑑)}
∞
𝑛𝑛=1



















𝑥𝑥 = 𝑚𝑚𝜔𝜔𝑠𝑠𝑑𝑑𝑦𝑦 = 𝑛𝑛𝜔𝜔𝑟𝑟𝑑𝑑.
 
(19)(20)(21)(22) 
In (19) and (21), the first term represents the dc offset, the second term represents fundamental 
component and baseband harmonics, the third term represents the carrier harmonics, and the fourth 
term represents the sideband harmonics of the modulated reference signal. 
As described in Section II-B, with regard to Fig. 5 and (9) and (10), the total switching function (𝑠𝑠𝑡𝑡) and 
difference switching function (𝑠𝑠𝑑𝑑) are defined for the equivalent decoupled circuit of the PUC 
converter by using d and t parameters. It is worth mentioning that as proved in Section II-B, the 
difference switching function (𝑠𝑠𝑑𝑑) represents the voltage balancing of the capacitor and the total 
switching function (𝑠𝑠𝑡𝑡) represents the output voltage harmonic spectrum. Considering (9) and (10), 
harmonics of 𝑠𝑠𝑡𝑡 and 𝑠𝑠𝑑𝑑 total and difference switching functions for 𝑓𝑓SW = 10kHz and 𝑀𝑀 = 0.9 are 
shown in Fig. 6. As presented in Fig. 6, 𝑠𝑠𝑡𝑡, which presents the output voltage harmonic spectrum, has 
harmonic clusters at 2𝑘𝑘 ⋅ 𝑓𝑓SW where k is an integer number. Hence, odd multiples of the switching 
harmonic clusters are canceled out at the output voltage frequency spectrum and the first switching 
harmonic cluster of the output voltage is shifted to 2𝑓𝑓SW. Therefore, the amended output voltage 
spectrum is obtained by applying the proposed single-carrier sensor-less modulation method.  
 
Fig. 6. Harmonics of (a) 𝑠𝑠𝑡𝑡 and (b) 𝑠𝑠𝑑𝑑, the total and difference switching functions for 𝑓𝑓SW = 10kHz and 𝑀𝑀 =
 0.9. 
 
In addition, as shown in Fig. 6, 𝑠𝑠𝑑𝑑, which presents charging/discharging of the capacitor, has the 
switching harmonic clusters at (2𝑘𝑘 − 1) ⋅ 𝑓𝑓SW,𝑘𝑘 = 1,2, … Hence, the PUC converter capacitor is 
charged and discharged by switching frequency and the even multiples of the switching harmonic 
clusters are canceled out at the difference switching function (𝑠𝑠𝑑𝑑). Hence, the total switching function 
(𝑠𝑠𝑡𝑡) and difference switching function (𝑠𝑠𝑑𝑑) are completely decoupled, and considering (17), the sensor-
less capacitor voltage balancing is also obtained by applying the proposed single-carrier sensor-less 
modulation method. 
As described in [3] and [13] in detail, the output filter inductor and capacitor values are obtained as  
𝐿𝐿 =
𝑉𝑉DC
8(𝑛𝑛 − 1) ⋅ Δ𝐼𝐼𝐿𝐿 ⋅ 𝑓𝑓1stSWHarmonic
𝐶𝐶 =
1






As presented in (23) and (24), since 𝑓𝑓1stSWHarmonic is doubled by applying the proposed modulation 
method, both inductor and capacitor values are halved in comparison with employing the traditional 
modulation method for the PUC converter. 
Moreover, by employing the proposed modulation method using the suggested pseudo reference 
functions, (𝑆𝑆2, 𝑆𝑆5) and (𝑆𝑆3,𝑆𝑆6) switching signals are equally distributed in each fundamental period, 
which results in equal switching and conduction losses, as well as balanced power dissipation for all 
switching devices in the PUC converter. 
SECTION III. Applied Reliability Prediction Methodology 
Reliability of an item/a system is defined as a measure of its ability to fulfill its functionality with a 
desired performance over a specified time [27]. The system or item performance can be defined as the 
probability of its survival. Hence, reliability can be measured by the probability of survival within a 
specified time. For instance, if system reliability is R at the time of T in years, the system first failure will 
occur after T years with the probability of (1 – R). Moreover, the time period of T is known as B100(1−R) 
lifetime. 
The reliability of power converters can be predicted by the reliability of its fragile components. 
Following field data and industrial experiences, the semiconductor devices and capacitors are the most 
vulnerable components of converters [28]–[29][30][31]. They are prone to wear-out failures [21], [22], 
thus limiting converters lifetime. In the following, the reliability estimation procedure of converter 
components is presented. 
Conventionally, converter reliability has been predicted based on historical data provided in the 
Military Handbook 217 (MIL-HDBK-217). This approach has been later updated because of its outdated 
data for new devices, vagueness of the failure mechanisms, and exclusion of operation conditions. 
Hence, different versions of this method have been provided such as Siemens SN29500, Telcordia SR-
322, and RDF-2000. Afterward, the International Electrotechnical Commission (IEC) released a technical 
report of IEC TR-62380 [21], which considers the failure mechanisms and operating conditions for 
failure rate prediction. However, the provided data are still outdated and the failure mechanisms are 
not properly included in IEC TR-62380. Hence, it has been replaced by IEC 61709 [20] providing a 
general guideline for failure rate prediction under different operating conditions. In all the mentioned 
handbook methods, the failure mechanisms are not appropriately modeled and the end-of-life of 
components is not predicted under the given operating conditions. 
Due to the above-mentioned issues, wear-out failure prediction approaches in converter components 
based on the physics of failures have been presented recently in [18] and [32]–[33][34][35]. According 
to this approach, the converter reliability is estimated based on potential failure mechanisms of its 
components. Strength−stress analysis [36] is then performed to predict the failure probability of each 
potential failure mechanism. The applied stress—such as the converter loading and climate condition 
fluctuations—over the device is compared to its strength to predict the failure probability. To obtain 
the components strength, various lifetime models are available in the literature [37], [38]. Using an 
appropriate lifetime model depends on the availability of model parameters value for selected devices. 
Employing an accurate lifetime model will result in precise reliability prediction which is more 
applicable for warranty logistics and maintenance. On the other hand, reliability as a long-term 
performance indicator can be used for comparing different alternatives and selecting the best option in 
most engineering systems [39]. Since the reliability of different alternatives is relatively compared with 
together, hence, using the same lifetime model even with low accuracy can properly help in decision 
making among different alternatives. 
In this article, the reliability index is used to compare the performance of two switching schemes. 
Therefore, the converter reliability is predicted based on wear-out models of its vulnerable 
components such as capacitors and semiconductor devices. The commonly used lifetime for wear-out 
modeling of these devices is provided in [36], [37], and [40], while other lifetime models can be used if 
the lifetime parameter values are available. 
The lifetime of electrolytic capacitors are modeled by [41]  
𝐿𝐿𝑜𝑜 = 𝐿𝐿𝑟𝑟 ⋅ 2
𝑇𝑇𝑟𝑟−𝑇𝑇𝑜𝑜
𝑛𝑛1 �V_o V_r� �
−𝑛𝑛2 
(25) 
where Lr is the rated lifetime under rated voltage of Vr and rated capacitor temperature of Tr, and Lo is 
the capacitor lifetime under operating voltage of Vo and operating temperature of To. The exponent of 
n1 follows the industry well-established 10-K rule from Arrhenius in which a 10-K temperature 
decrement will double the lifetime [41]. Moreover, the exponent n2 models the dependency of a 
lifetime on the applied voltage during operation. Applying lower voltage will cause lower stress to the 
capacitor dielectric. Operating a capacitor close to its rated voltage will cause more electrolyte 
consumption due to the self-healing of the small flaws in the dielectric. Thus, the lower operating 
voltage will extend the capacitor lifetime. The impact of voltage on the capacitor lifetime is modeled by 
the power-law as given in (25). According to [41], different manufacturers provided various values for 
exponent n2 in (25). Moreover, [41] provides moderate values for n2 depending on the applied voltage 
as given in (26), where Kv = Vo/Vr  
𝑛𝑛2 = �
3, 0.5 ≤ 𝐾𝐾𝑣𝑣 < 0.8
5, 0.8 ≤ 𝐾𝐾𝑣𝑣 ≤ 1.
 
(26) 
Furthermore, the number of cycles to failure Nf in semiconductor devices are obtained by using [42]  
𝑁𝑁𝑓𝑓 = 𝐴𝐴 ⋅ Δ𝑇𝑇𝑗𝑗










where ΔT and T, respectively, are the junction temperature swing and its mean value, and ton is the 
temperature cycle rise time. A, aT, and bT are constants obtained from aging tests. 
Following the lifetime models in (25) and (27), the capacitor temperature and voltage, as well as the 
semiconductor devices’ junction temperature, should be found for the whole mission profile. Thereby, 
at first, the converter is simulated under different operational conditions, and the lifetime-related 
variables are obtained and stored in lookup tables as shown in Fig. 7(a). Afterward, the annual mission 
profile is translated into the lifetime variables as shown in Fig. 7(b).  
 
Fig. 7. Reliability prediction process for power converters. (a) Electro-thermal simulation. (b) Electro-thermal 
mapping. (c) Capacitor wear-out prediction. (d) Semiconductor device wear-out prediction. (e) Total reliability 
prediction. 
 
The capacitor reliability is estimated by adapting the test data as shown in Fig. 7(c) [43]. The failure 
distribution of electrolytic capacitors is provided in [44] for the rated lifetime of 5000 h and an upper-
category temperature of 105 oC, which is modeled by the Weibull distribution with 𝛼𝛼 =  6804 h and 
𝛽𝛽 =  5.12. The failure distribution under operating condition is obtained by calculating the 







where tk is the time the capacitor operates under (Vo, To), and Lo-k is corresponding operating lifetime 
obtained by (25). Employing different Bx lifetime on (25) will result in different Bx accumulated damage. 
The failure distribution under operating conditions is obtained by fitting the different Bx accumulated 
damage with the Weibull distribution. 
Moreover, the semiconductor devices reliability is predicted based on the field data and Monte Carlo 
simulation as shown in Fig. 7(d) [43]. First, the junction temperature profile is classified into different 
classes with the number of cycles, temperature swing, and its average value. Next, the damage of the 
device associated with each class is calculated by dividing the applied cycles to the number of cycles to 
failure obtained by (27). Hence, the total accumulated damage of semiconductor devices (ADS) can be 







The lifetime of the device is equal to the reciprocal of the ADS. In order to consider the impact of 
uncertainties of the lifetime model in (27) and the thermal model of devices, the Monte Carlo 
simulation is adopted to find out the ADs considering the variations on different parameters. Hence, 
the failure distribution can be obtained by fitting the ADs with the Weibull distribution. The details of 
the procedure have been explained in [15]. From an operation point of view, failure of any component 
may cause converter shutdown. As a result, the total converter reliability can be modeled by a series 
connection of its components according to reliability network modeling. Hence, as shown in Fig. 7(e), 
the total converter reliability RT is obtained by  





where RC is the reliability of the capacitor, and RQ-j is the reliability of jth switch. Notably, the power 
diodes may have an inconsiderable effect since the converter is operated under a unity power factor. 
Thus, their impact is neglected. Moreover, the impact of other components and factors such as 
software reliability is neglected in the reliability prediction, while it can be easily incorporated by a 
suitable reliability model. This is because according to the filed returned data and industrial 
experiences, the capacitors and power semiconductors are the most fragile components of power 
converters [28], [37], [45]–[46][47][48]. Hence, they play a dominant role in the reliability of a 
converter. On the other hand, the industrial experiences show that these two components are prone 
to wear-out failures as well [19], [21], [37], [49]–[50][51][52][53]; thus, the converter reliability and life 
expectancy remarkably depend on the lifetime model of capacitors and semiconductor devices. 
Therefore, in this article, the reliability and end-of-life of converter under different switching schemes 
are examined by using the lifetime model of its dominant components. Considering other factors such 
as software reliability, catastrophic failures, and so on can affect the converter reliability, but they are 
not affected by the switching scheme. Thereby, in this article, the impact of other factors is not taken 
into consideration. 
SECTION IV. Numerical Analyses of the PUC Converter Reliability for Various 
Applications 
In this section, the reliability performance of the PUC converter is evaluated for two different 
photovoltaic (PV) and ac microgrid applications. 
A. Reliability Prediction of the PUC Converter for PV Applications 
As already mentioned, the converter reliability depends on its application. Hence, without losing the 
generality, the PUC converter reliability is estimated for a PV application with 2.2 kW rated capacity. 
Furthermore, the impact of the proposed switching scheme on the converter reliability is illustrated in 
a home microgrid application. The first case is discussed in detail, while in the second case, the final 
results are provided. Both cases show the reliability enhancement employing the proposed switching 
algorithm. The converter specifications and the PV array parameters are summarized in Table II. The 
annual solar irradiance and ambient temperature measured in a region of Denmark are shown in Fig. 8.  
TABLE II Main Parameters of the Implemented PUC Converter for Reliability Study and Experimental 
Verification 
 Parameter Value 
 Rated power 2.2 kW 
 Switching frequency 10 kHz 
 PUC DC link voltage (MPPT Output) 230 V 
 PUC DC capacitor voltage  115 V 
 RL test load R=40Ω, L=20mH 





























 PV panel type: SUNPOWER SPR-220-BLK-1 
 PV panel rated power 220 W 
 No. series connection 5 
 No. parallel connection 2 
 MPPT Algorithm Perturb & Observation 
 
 
Fig. 8. (a) Annual solar irradiance and (b) ambient temperature measured in Denmark [43]. 
 
The accumulated damage of converter components is calculated based on (28) and (29) and the 
thermal parameters of its components as given in Table II. The damage of components is shown in 
Fig. 9 in which the capacitor damage is decreased from 0.0594 to 0.0464 by employing the proposed 
switching scheme. Furthermore, the damage of 𝑆𝑆3, 𝑆𝑆5 is higher than 𝑆𝑆2, 𝑆𝑆6 and 𝑆𝑆1,𝑆𝑆4 by utilizing the 
presented switching patterns in [9]–[10][11]. This shows that the power loss and thermal stress is not 
evenly distributed over the power switches. However, by employing the proposed scheme, the damage 
of 𝑆𝑆3, 𝑆𝑆5 is decreased by 0.0190. Hence, the damages and thermal stresses are almost equally 
distributed among the switches. As another consequence, employing the proposed switching scheme 
can reduce the damage of highly stressed components, i.e., capacitor and 𝑆𝑆3, 𝑆𝑆5 as shown in Fig. 9. 
Therefore, the overall converter reliability will be improved.  
 
Fig. 9. Annual accumulated damage of different converter components under traditional and proposed 
switching schemes. 
 
Furthermore, the overall converter reliability is shown in Fig. 10(c). As it is presented in Fig. 10(c), the 
converter reliability after 10 years of operation can be improved from 89.7% to 96.5% by employing 
the proposed switching scheme. Furthermore, the converter B1 lifetime, which is the lifetime at 99.0% 
reliability, is improved by almost 2 years under the proposed switching algorithm. Therefore, the 
converter B1 lifetime is extended by 35% under the proposed switching scheme. As a result, the 
proposed switching strategy can considerably enhance the PUC converter reliability at its long-term 
performance indicator.  
 
Fig. 10. Reliability of the PUC converter components under the mission profile shown in Fig. 8 and by employing 
(a) traditional switching schemes, (b) proposed switching scheme, and (c) total PUC converter reliability. 
 
B. Reliability Prediction of the PUC Converter for AC Microgrid Applications 
In order to evaluate the converter reliability under different mission profiles, another application is 
considered and the converter reliability using the traditional and the proposed switching schemes are 
illustrated. The converter is used as an energy conversion stage in an ac home microgrid as shown in 
Fig. 11(a). The prime energy course can be any types of dc source such as PV + battery system, wind + 
battery system, fuel cell stack, or even dc utility grid, which is one of the solutions for future dc 
distribution systems. The converter has the same specifications summarized in Table II. The annual 
home load profile is shown in Fig. 11(b). Furthermore, the ambient temperature is considered to be 
similar to the last case study as shown in Fig. 8(b). Like the previous case, the converter reliability 
under the home load profile is predicted.  
 
Fig. 11. Home ac microgrid. (a) Microgrid structure. (b) Apartment load profile. 
 
The total converter reliability is shown in Fig. 12. Following Fig. 12, the converter reliability after 10 
years of operation is 96.4% and 98.9% for the traditional and proposed switching schemes. Thus, using 
the proposed scheme, the overall converter reliability is improved by 2.5% under the given mission 
profile in Fig. 11(b). Moreover, the converter B1 lifetime using the traditional and proposed switching 
schemes is 7.25 and 10 years, respectively. Thus, employing the proposed switching scheme will 
enhance the B1 lifetime by 27.5%.  
 
Fig. 12. Reliability of the PUC converter components under an apartment load profile using the traditional and 
proposed switching scheme. 
 
These two case studies with the PV and microgrid applications show that the proposed switching 
scheme enhances the converter reliability compared to the traditional method. Thus, the lifetime of 
the converter can be extended by employing the proposed approach. Notably, the converter reliability 
depends on its mission profile, where this can be seen from reliability results in Figs. 10(c) and 12 for 
two different mission profiles. Thereby, the reliability improvement for different applications is not 
identical. However, both case studies show that the converter reliability is relatively improved by using 
the proposed switching algorithm. 
SECTION V. Experimental Results and Comparison 
The experimental prototype of the PUC converter has been implemented to evaluate the performance 
and viability of the proposed single-carrier sensor-less modulation method. Fig. 13 presents the image 
of the implemented experimental prototype of the PUC converter. Parameters of the implemented 
PUC converter are presented in Table II.  
 
Fig. 13. Implemented experimental setup of the PUC converter. 
 
Both the proposed and traditional PWM methods have been applied to the PUC converter. The 
experimental results and thermal images of the PUC converter employing the proposed and traditional 
switching patterns are presented and compared. As presented in Table II, the switching frequency of 
the PUC converter is set to 𝑓𝑓SW = 10kHz. The dead-time is set to 500ns by using integrated hardware 
dead-time generator. 
Fig. 14 presents the PUC converter output voltage, its fast Fourier transform (FFT) analysis, load 
current, as well as the dc capacitor voltage and current by employing the proposed modulation 
method. As shown in Fig. 14, the first switching harmonic cluster of the output voltage is shifted to 2 ⋅
𝑓𝑓SW = 20kHz and the odd multiples of the switching harmonic clusters are eliminated from the output 
voltage. Moreover, the PUC dc capacitor voltage ripple is negligible, and with regard to the PUC dc 
capacitor current, the charge and discharge of the dc capacitor are balanced in each PWM period.  
 
Fig. 14. Output voltage (C2: 100 V/div), its FFT analysis (F1: vertical: 20 V/div; horizontal: 5 kHz/div), load current 
(C4: 5 A/div), the PUC dc capacitor voltage (C3: 50 V/div), and the PUC dc capacitor current (C1: 5 A/div) by 
applying the proposed modulation method. 
 
On the other hand, the PUC converter output voltage, its FFT analysis, load current, as well as the dc 
capacitor voltage and current by employing the traditional modulation method are presented in 
Fig. 15. As depicted in Fig. 15, the first switching harmonic cluster of the output voltage is at fSW = 
10 kHz. Moreover, the PUC dc capacitor voltage ripple is about 60VP-P and the charge and discharge of 
the dc capacitor are balanced in each fundamental period. Hence, applying the proposed single-carrier 
sensor-less PWM method results in a substantial reduction in the PUC dc capacitor voltage ripple, a 
notable decrease in sensitivity of the dc capacitor voltage ripple to load, and doubling the first 
switching harmonic cluster frequency which leads to halving the output passive filter components 
value.  
 
Fig. 15. Output voltage (C2: 100 V/div), its FFT analysis (F1: vertical: 20 V/div; horizontal: 5 kHz/div), load current 
(C4: 5 A/div), the PUC dc capacitor voltage (C3: 50 V/div), and the PUC dc capacitor current (C1: 5 A/div) by 
applying the traditional modulation method. 
 
Fig. 16 presents the transient and steady-state voltage of the PUC dc capacitor during converter start-
up by applying the proposed method. As depicted in Fig. 16, the transient time of the capacitor voltage 
is 800ms and the capacitor is automatically regulated to its desired value. On the other hand, the 
transient and steady-state voltage of the PUC dc capacitor during converter start-up by applying the 
traditional method is shown in Fig. 17. As presented in Fig. 17, the transient time of the capacitor 
voltage is 1600ms and the capacitor voltage ripple is about 60VP−P. Therefore, applying the proposed 
single-carrier sensor-less PWM method remarkably improves the dynamic performance of the PUC 
converter during start-up and notably decreases the dc capacitor voltage ripple.  
 
Fig. 16. Transient and steady-state voltage of the PUC dc capacitor during converter start-up by applying the 
proposed modulation method. 
 
Fig. 17. Transient and steady-state voltage of the PUC dc capacitor during converter start-up by applying the 
traditional modulation method. 
 
Fig. 18 presents the thermal image of the PUC converter controlled by the proposed modulation 
method. As illustrated in Fig. 18, the temperatures of 𝑆𝑆2, 𝑆𝑆3, 𝑆𝑆5, and 𝑆𝑆6 HF power switches are 
approximately equal. Moreover, the measured min and max temperatures of the PUC converter are 
31.8 and 38.4 °C, respectively. Thus, the temperature difference between the coldest and hottest spots 
of the PUC converter is only 6.6 °C. On the other hand, the thermal image of the PUC converter 
controlled by the traditional modulation method is depicted in Fig. 19. As shown in Fig. 19, the 
temperatures of 𝑆𝑆3, 𝑆𝑆5 HF switches are much higher than the temperatures of 𝑆𝑆2, 𝑆𝑆6 HF switches. In 
addition, the measured min and max temperatures of the PUC converter are 30.0 and 48.0 °C, 
respectively. Therefore, the temperature difference between the coldest and hottest spots of the PUC 
converter is 18 °C.  
 
Fig. 18. Thermal image of the PUC converter by applying the proposed modulation method. 
 
Fig. 19. Thermal image of the PUC converter by applying the traditional modulation method. 
 
Moreover, the distribution of the conduction and switching power losses of the PUC converter 
controlled by the conventional and the proposed switching pattern are presented in Table III. As 
illustrated in Table III, the conduction and switching power losses are evenly distributed over HF power 
switches in the PUC converter by applying the proposed modulation method. However, the conduction 
and switching power losses are not equally distributed among HF power switches by employing the 
conventional switching method. Moreover, the total power loss and efficiency of the PUC converter 
controlled by both the conventional and proposed switching methods are presented in Table III. Hence, 
applying the proposed single-carrier sensor-less PWM method leads to even distribution of the power 
loss among HF switches, decrease of the temperature difference between various parts of the PUC 
converter, and accordingly improvement of the converter reliability and lifetime.  
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42.1 14.5 12.5 12.5 ≈0 1.3 1.3 98.08 97 
 
Comparison between the performance of the PUC converter controlled by the proposed single-carrier 
sensor-less and the traditional PWM methods from aspects of the PUC dc capacitor voltage ripple, 
accumulated damages of power switches (𝜎𝜎AD−𝑆𝑆), the standard deviation of accumulated damages of 
all the PUC converter components (𝜎𝜎AD), 𝐵𝐵1 lifetime, 𝑅𝑅10 reliability, and the computational burden is 
illustrated in Fig. 20. As depicted in Fig. 20, the proposed single-carrier sensor-less modulation method 
has superior performance in comparison to the traditional PWM methods for the PUC converter. 
Regarding the presented experimental results, and the converter performance diamond in Fig. 20, the 
main advantages of the proposed switching method are as follows:  
1. notable reduction of the dc capacitor voltage ripple; 
2. equal loss distribution between HF power devices; 
3. higher reliability and longer lifetime; 
4. faster self-balancing of dc capacitor voltage at start-up; 
5. eliminating odd multiples of the output voltage switching harmonic clusters; 
6. halving the required output passive filter components values; 
7. easy to implement. 
 
 
Fig. 20. PUC converter performance diamond by applying the proposed single-carrier sensor-less and traditional 
PWM methods. Diamond axes: 1) Ripple (100 V): the PUC dc capacitor voltage ripple (range: 0−100 V); 2) 𝜎𝜎AD−𝑆𝑆 
(0.015): standard deviation of accumulated damages of power switches (range: 0−0.015); 3) 𝜎𝜎AD (0.015): 
standard deviation of accumulated damages of all the PUC converter components (range: 0−0.015); 4) 10 − 𝐵𝐵1 (5 
years): the PUC converter lifetime degradation (range: 0−5 years); 5) 1 − 𝑅𝑅10(0.15): the PUC converter reliability 
degradation after 10 years of operation (unreliability) (range: 0−0.15); 6) CB (16): the utilized method 
computational burden from aspect of the number of PWM comparators, If−Else loops, and logic gates (range: 
0−16). 
 
Comparison between the proposed single-carrier sensor-less modulation method and the introduced 
methods in [9], [11]–[12][13] for PUC converter is illustrated in Table IV. As presented in Table IV, the 
proposed single-carrier sensor-less modulation method is easy to implement, and it has much less 
computational burden in comparison to other modulation methods for PUC converter. Moreover, the 
value of capacitor depends on switching frequency and is remarkably decreased by employing the 
proposed modulation method. In addition, the value of capacitor can be more reduced by increasing 
the switching frequency.  
TABLE IV Comparison Between the Proposed Single-Carrier Sensor-Less Modulation Method and the 
Presented Methods in [9] and [11]–[13] 
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SECTION VI. Conclusion 
The single-carrier sensor-less PWM method was proposed for the PUC converter. It comprises only one 
PWM carrier signal, and two suggested pseudo reference functions. Applying the proposed method led 
to notable reduction in the capacitor voltage ripple, faster sensor-less capacitor voltage balancing, 
simplified control circuit, amended output voltage spectrum, smaller output passive filter, equal power 
losses distribution between power devices, improved reliability, and increased lifetime. Therefore, the 
proposed single-carrier sensor-less modulation method remarkably improved the performance of the 
PUC converter and notably simplified implementation of the switching pattern. Provided experimental 
results and comparisons validated the viability and effectiveness of the proposed modulation method. 
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